Molecular dynamics and Monte Carlo simulations are used to examine the effect on the structural properties of heterogeneous SF,( Ar) n and SF6-( Kr) n clusters, and on the melting behavior of heterogeneous SF,-(Ar), and homogeneous (Ar) 13 and (Kr) 13 clusters, of including the three-body Axilrod-Teller-Muto triple-dipole dispersion energies in the total potential energy surface governing the dynamics of the system. The behavior of these systems is governed by potentials constructed from the best available two-body interactions, and from accurate constrained dipole oscillator strength values for the triple-dipole dispersion energy coefficients reported here for the first time. The structural studies show that (virtually) all isomers are destablized by inclusion of the three-body terms, with the "stacked" or "nonwetting" structures being destablized relatively more than isomeric "monolayer" or "wetting" structures. However, the qualitative trends in relative stability are unchanged; in particular, the preference for the SF6 to be fully solvated in larger clusters formed with Ar, but to lie on the surface of larger clusters formed with Kr, remains unchanged. In contrast, the melting temperatures of the stacked and monolayer isomers of the heterogeneous SF,(Ar) 12 cluster undergo substantial change on inclusion of the three-body terms, the former dropping from ca. 30 to 22 K and the latter from 10 to 6 K. The melting temperatures of the homogeneous (Ar) 13 and (Kr) 13 icosahedral isomers also decreased on inclusion of the three-body interactions, and the resulting values are quite different than those obtained using the commonly accepted "effective" two-body LJ( 12,6) pair potentials for these systems.
I. INTRODUCTION
Recent years have seen steady growth in the use of simulations of metallic and van der Waals clusters to examine properties such as nucleation and crystal growth, minimum energy structures, melting transitions, and other dynamical behavior. However, almost all of these studies have been based on the use of additive two-body potentials to represent the overall potential energy of the system. While they have greatly improved our qualitative understanding of the properties and types of behavior encountered in such "finite" systems, there remains a concern that the effects of three-body and higher-order interactions could be significant. Moreover, the degree to which the neglect of nonadditive interactions has compromised predictions for real systems based only on additive two-body potentials is simply not known. The present paper examines these questions with regard to the structural proclivities of heterogeneous SF,(Ar), and SF,( Kr), systems, the melting behavior of SF,(Ar) 12 clusters, and the melting behavior of homogeneous (Ar) 13 and (Kr) 13 clusters.
Nonadditive interactions are known to make important contributions to the properties of macroscopic samples "'Associated of rare gas crystals and fluids.',* For example, the nonadditive contribution to the binding energy of the rare gas crystals increases from about 4% to about 10% as one progresses from Ne to Xe.3Y4 Moreover, model calculations for rare gas systems show that approximately 60% of the nonadditive effects, as represented by the triple-dipole dispersion interactions, arise from the "first shell" interactions between a central atom and its nearest neighbors. [3] [4] [5] Thus, one would expect such contributions to be significant for even relatively small clusters involving rare gas atoms and other nonpolar species. For many-body interactions involving molecules there are many sources of nonadditivity other than the widely used Axilrod-Teller-Muto (ATM) triple-dipole dispersion energy,6'7 especially if the molecules have nonnegligible permanent moments.8'g Moreover, even for simple spherical atoms there are several nonadditive interactions that are apparently of the same magnitude as the triple-dipole dispersion energy for relevant atomic configurations in bulk systems. 3'4" 0 Thus, the rigorous representation of nonadditive interaction energies in systems ranging in size from trimers to the bulk is still not well understood, and is the subject of considerable current research *48,9,10-14 In spite of these concerns, the many-body potentials for the homogeneous and heterogeneous clusters considered herein are represented as sums of the best available two-body potentials plus the ATM triple-dipole terms. 6'7 This representation of the total energy has been shown to yield predictions in very good agreement with experiment for the properties of bulk solid, liquid, and gaseous homogeneous rare gas systems over a wide range of temperatures and for pressures up to 20 kbar,lv2 and has been used with success to study the surface tension of such systems.t5 It appears that the triple-dipole dispersion energies provide a good effective representation of the overall nonadditive energy for these systems because of cancellation that occurs between the various other types of nonadditive energies. 3P4710 In the present paper we assume that these conclusions also hold for the finite homogeneous rare gas (Rg),, and heterogeneous SF6-( Rg) n clusters of interest, and attention is focused on the effect of including the ATM terms on the structural and dynamical properties of these clusters.
In previous work, Garzon and Blaisten-Barojast6 and Halicioglu and White" investigated the effect of the tripledipole ATM term6j7 on the equilibrium structures of homogeneous clusters of spherical atoms. For selected isomers of certain cluster sizes, they began with structures determined by a pan-wise-additive "Lennard-Jonesium" model for the overall potential energy function, and then followed the relative energies of different forms as the strength of the ATM term was systematically increased. They showed that the ATM term tended to destabilize close-packed structures, and that first flat raftlike and then linear isomers became energetically preferred as the relative strength of the three-body interaction was increased further. However, little attention was paid to the question of the actual effect of these terms in a real system. In contrast, the present study makes use of the best available estimates of both the contributing two-body potentials and the ATM coefficients for the systems under consideration, and focuses its attention on the effect of including the ATM terms on realistic structural and dynamical properties.
Detailed studies of structural and dynamical proclivities of heterogeneous clusters consisting of one SF6 molecule and a number of Ar or Kr atoms, as governed by the best available two-body pair potentials for each case, have recently been carried out. '8-24 The structural studies showed the existence of two main families of isomers, "monolayer" or "wetting" structures in which the SF6 is solvated as completely as possible, and "stacked" or "nonwetting" structures in which the rare gas atoms are piled up on one face of the SF6 "solute" molecule.23 The patterns of growth and relative stability were found to reflect a dynamic competition between the "pulling" of the strong (rare gas)-SF6 potential anisotropy, which strongly prefers the rare gas (Rg) atoms to be centred on the threefold symmetry axes of the octahedral SF6, versus the tendency for the Rg atoms to optimize their "packing," either through formation of a close-packed layer wrapped around the SFG, or through the formation of stacked structures. The competition between these tendencies manifests itself dynamically in novel "reverse-melting" behavior, in which the addition of energy to certain liquidlike clusters allows them to isomerize into long-lived solidlike forms. 1g-22924 A key part of the present study is then an examination of the effect of including the ATM three-body interactions on the whole range of structural proclivities and patterns of growth determined in Ref. 23 . We shall also examine the effect of this term on the melting behavior of selected monolayer and stacked SF,(Ar) i2 clusters.
In many simulations of bulk rare,gas crystals and fluids, attempts have been made to approximate the effects of many-body terms by replacing the true accurately known25'26 two-body potentials by weaker "effective" pair potentials.27 The parameters characterizing these effective pair potentials were chosen so that calculation of a property such as the crystal cohesion energy using only these additive two-body potentials would yield the experimental result. Insofar as it is valid, such an approach allows immense savings in computational effort relative to that required for simulations based on explicit three-body or higher-order interactions. The present work therefore also presents comparisons of the melting behavior predicted for certain pure rare-gas cluster isomers with their dynamics governed in turn by (i) the accurately known two-body pair potentials, 25'26 (ii) the combination of (i) with the accurately calculated ATM three-body interactions, and (iii) the commonly accepted effective two-body pair potential whose empirical parameterization is meant to implicitly incorporate nonadditive effects. 27 An essential prerequisite for the present studies is of course the availability of accurate values of the tripledipole dispersion energy coefficients for all of the appropriate atomic and/or molecular triplets. Our determination of reliable new values of such coefficients for the heterogeneous SF6-(Rg), triplets is presented in Sec. I?, together with a description of the relevant two-body potentials; reliable values of these coefficients for the analogous homogeneous triplets (Rg) 3 are available in the literature.28 Section III then describes the computational procedures used for the structural and dynamical simulations. The effects of the ATM terms on the structural and dynamical properties of the heterogeneous SF6-( Rg) ,, clusters are presented and analysed in Section IV, together with an examination of the utility of "effective" two-body potentials for predicting the melting behavior of homogeneous (Ar) t3 and (Kr) t3 clusters. Finally, our conclusions are summarized and discussed in Sec. V.
II. THE POTENTIAL ENERGY SURFACE
For a general N-body system, the total potential energy function depends on the position vectors {ri, i= 1 -N} and relative orientations of all its component atoms or molecules. If we overlook for the moment the question of relative orientation,' the total potential energy function can be expanded as sums of n-body interactions: N f#4q,r2,...,rN) = ,E=, v2(rij) + i i>j>k=l V3(rbrj,rk) where Yij= 1 ri-rj] . For a crystal or fluid, the series of Eq.
( 1) is probably convergent, albeit very slowly, although many of its important terms are very difficult to compute accurately and/or are not well understood. 3'4," In particular, many contributing terms are similar in magnitude but have different signs. However, the convergence problems of Eq. ( 1) may well be less serious for clusters containing a moderate number of atoms or molecules than for large ("infinite") many-body systems.
.
As discussed in Sec. I, we assume that a model based on reliable two-body potentials plus the ATM triple-dipole dispersion energie&' should well represent the effect of the complete many-body potential. Thus, the total potential for a set of N rare gas atoms located at positions ri relative to the center of a single SF, molecule is represented by #(r b...,r,) = I:il VRS-SF6(ri) + 5 VRg-Rg(rij)
where the octahedral S-F bonds lie along the x, y, and z coordinate axes. The indices i, j, and k range from 1 to N for the rare gas atoms, have the value Nf 1 for the SF6, and the angles are defined such that cos 6,= (rj-ri) . (rk -ri)/rij?& The terms of the last sum on the right-hand side of Eq. (2) are the isotropic Axilrod-Teller-Muto triple-dipole energies for the three species i, j, and k.6r7
As in most previous studies of these systems,18-24 the potentials appearing in the first sum in Eq. (2) are represented by the full anisotropic Rg-SF6 potentials of Pack et al.29 while those in the second sum are the Rg-Rg interaction potentials of Aziz and Slaman. The tripledipole dispersion energy coefficients cijk were determined in the manner described below, values being required for the two cases, (Rg) 3 and SF6-( Rg),. In the present work, only the isotropically averaged cijk values are used, since the information required to evaluate the anisotropic coefficients for SF6-( Rg) 2 is not available.
The triple-dipole dispersion energy coefficient for the interaction of three isotropic species i, j, and k is given (in atomic units: hartrees for energy and the Bohr radius for distance) by
where f' (i) =df( i)/dE( i) and l&(i), respectively, are the differential dipole oscillator strength for excitation energy E(i) and the electronic absorption threshold for species i. To evaluate Eq. (3), knowledge of the dipole oscillator strength distribution (DOSD), df /dE vs E from E= E,, to infinity, is required for all relevant species.30 '3' DOSDs for Ar, Kr, and SF6 have been constructed using constrained dipole oscillator strength techniques.32-34 These distributions were constructed from extensive (isotropic) experimental dipole oscillator strength data, and were constrained both to satisfy the Thomas-ReicheKuhn sum rule and to reproduce available accurate molar refractivity measurements for relevant dilute gases. These DOSDs have previously been used to evaluate accurate results for a wide variety of dipole properties for Ar, Kr, and SF6, including the dipole-dipole dispersion energies for (Rg)* and (SF,) *, which are accurate to ca. 1% and 2%, and the triple-dipole dispersion energies for ( Rg)3 and (SF,) 3 which are accurate to ca. 1% and 3 %, respectively.28~34 I It is possible to evaluate cijk by direct integration of Eq. (3) using numerical results for the DOSDs for species i, j, and k. However, the coefficients cijk can be more conveniently evaluated, without loss of accuracy, by using discretized representations ( pseudo-DOSDs ) of the numerical DOSDs which are continuous functions of excitation energy. 30,31 The pseudo-DOSDs for a given species are determined from the known values of the dipole sums S',, which have been accurately evaluated from the numerical DOSD, by requiring S,= i: (EI)Pfr, p=2,1,0,-l,..., 3-2n.
I=1 (4)
The known values of the 2n dipole sums generate n pseudodipole (excitation energy-oscillator strength) pairs (El,fi), and up to 20 pseudo states have been constructed for each of Ar, Kr, and SF6.28V34 In terms of pseudoDOSDs, Eq. (3) is given by3o,31 For the systems of interest here, this approach yielded the published** triple-dipole dispersion energy coefficients (all in units [hartreex bohrg] ) CAr,Ar,Ar = 5 18.33 and CKr,xr,xr = 1571.55, while in the present work we obtain c Ar,Ar,SF6 = 1467.19 and Cxr,&r,sF6 = 3047.70, with estimated uncertainties of ca. <, 2%.
Features of the functional behavior of the isotropic triple-dipole dispersion energy are illustrated by Fig. 1 . For the case of three identical spherical atoms, initially in an equilateral triangle configuration with side R,, the angular factor [l + 3 cos 6i cos 0j cos 0d is drawn as a dotdash curve and the dimensionless radial factor (RJ9/ (rifi,@jk) 3 as a dashed curve. The solid curve corresponds to the product of these two factors and shows the behavior of the total ATM term as one atom moves about a "central" atom (see insert). This motion effectively involves fixing two of the atom-atom separations at R, while allowing the apex angle of the resulting isosceles triangle to increase from n-/3 to 5n-/3. It is clear that the overall effect of the ATM term is to destablize close-packed equilateral triangle configurations (8=?r/3 or 5rr/3) and to stablize linear arrangements ( 6 = rr) .
Ill. COMPUTATIONAL PROCEDURES
The results reported herein are based on classical mechanical simulations of two types. The first is molecular dynamics simulations, in which Newton's equations of motion are solved to determine the trajectory of the cluster. They were performed using a program based on one written by Shelley." The forces governing the motion of the system are determined by calculating the exact derivatives of the potential of Eq. (2) with respect to the interparticle separations and the relative orientation of the SF,. In simulations at constant energy, the classical equations of motion are initialized with four steps of Runge-Kutta integration and then propagated using a fourth-order AdamsMoulton predictor-corrector algorithm.35 The integration timestep of 2.5 fs (2.5~ lo-l5 s) sufficed to conserve the total energy of the system to within one part in lo5 in a 6~ lo5 timestep run. For a given initial configuration, initial momenta for each particle in the cluster are generated using the Box-Muller method,36 which yields a random distribution of momenta consistent with a specified temperature. The center-of-mass position and velocity are then subtracted from the values for the particular particles, and the overall angular momentum of the cluster set equal to zero at the beginning of each run. For further details, see Refs. 19-23.
-Two different kinds of molecular dynamics simulations were required in the present study. In the first, molecular dynamics simulated annealing techniques are used to determine the structures and energies of the most important low-energy isomers of SF,(Ar), and SF6-( Kr), for n = l-2 1, as defined by the total potential energy surface of Eq. (2). A detailed description of this simulated annealing procedure was presented in Ref. 23, which reported analogous results for a potential surface consisting of only the two-body contributions to Eq. (2)) so only a brief overview of the methodology is given here.
During the course of an annealing run, kinetic energy is slowly removed from the cluster by a periodic scaling of the linear and angular momenta until the cluster reaches one of the minima on the potential energy hypersurface. Since our objective is to determine the changes in the relative stabilities of the different isomer structures due to inclusion of the ATM terms, the initial configurations used for these simulations were the converged two-bodypotential structures determined in Ref. 23 . A simulation begins by giving the system in one of those structures a small amount of kinetic energy which is distributed over the component species as set of random momenta. The effective temperatures associated with these initial kinetic energies were typically set at 5-15 K (with larger values for the larger clusters), which is sufficiently low that the system will not escape from the initial catchment region to one associated with a different type of cluster structure. This approach was used since our objective is not to determine all possible metastable isomer structures, but rather to make comparisons with the two-body-potential results of Ref. 23 .
The second kind of molecular dynamics simulation used here is concerned with determining both the effective temperature associated with a simulation performed at a given total energy, and whether the characteristic dynamical behavior of the system at that energy should be classified as "liquidlike" or "solidlike." Although such simulations are performed at constant total energy, energy equipartition arguments allow one to associate an effective internal cluster temperature with the average value of the total system kinetic energy along that trajectory, (Ekin). Since the SF6 is treated as being nonspherical but rigid, for a heterogeneous SF6-( Rg), cluster the appropriate relationship is Thet=(Eki,)/(3nk~/2), (6) where k, is Boltzmann's constant. Similarly, for a homogeneous rare gas cluster (Rg) n, it is T hom=(&in)/[ (3n-6)kBDl. (7) As in previous work,1"-22 the quantity used to characterize the dynamical behavior of the cluster as being liquidlike or solidlike is the relative root-mean-square bond length fluctuation parameter 6. Since it is defined in terms of expectation values of the scalar distances between the component particles, it has the same form for both homogeneous and heterogeneous N-particle systems: (8) Here, ( ) is the average value of the enclosed property over the full simulation trajectory, and rij the instantaneous separation between particles i and j, while the sum runs over all distinct pairs of species in the cluster. Note also that one may choose to include only a subset of the molecular components of the cluster in the sums over i and j in Eq. (8).
In particular, it is often convenient to compute separate averages for the distances between the like and unlike species in the cluster, as well as over all possible pairs.'9-21 The quantities reported below are the variables SRgWRg, which include only the fluctuations of the Rg-Rg separations in the heterogeneous clusters.
The present Monte Carlo calculations involve a straightforward application of the original Metropolis et al. procedure.43 They do not require computation of the forces acting on the system. Rather, the particles making up the system are moved in random directions and by random distances, and the potential energy of each new configuration is compared to the potential energy of the cluster before the move was made. If there is a net decrease in t% potentiai energy, A V < 0, the new configuration is accepted and becomes part of the ensemble; otherwise it is accepted only if a randomly chosen number lying between zero and one is less than the thermodynamic weighting factor exp[-AV/k,T], where T is the temperature of the system.
IV. RESULTS
A. Minimum energy structures for SF,-(Ar), and SF,-(Kr), clusters
In order to determine the melting behavior of a given cluster, it is necessary to determine values of S at total energies associated with a range of effective temperatures. To this end, an iterative pre-equilibration procedure is used to generate results at each of a sequence of specified temperatures (see Sec. II B of Ref. 22) . This pre-equilibration stage also served to ensure that the results for a given run were independent of the initial conditions. All of the constant energy molecular dynamics results reported below were based on runs with post-equilibration sampling times of 15 ns ( 15 X lo-' s), or 6~ lo6 timesteps. For further details regarding the method, see Refs. 22 and 23.
Reference 23 has reported a detailed study of the relative stabilities and patterns of growth for the most important low energy isomers of SF6-(Ar), and SF6-(Kr), for n = l-2 1, for the case in which the potential energy surface consists strictly of sums of two-body pair potentials. The results were explained, insofar as possible, in terms of the nature of the underlying intermolecular interactions. The object of the present section is to determine the effect on those results of including the three-body ATM terms in the overall potential energy surfaces governing the behavior of these clusters.
Early theories of phase transitions of bulk solids associated melting with critical values of a dimensionless parameter closely related to &37138 Moreover, previous cluster studies have shown that solidlike behavior is typically associated with values S < 0.1 and liquidlike behavior with S>O 2 39d2~19,20 and criteria for melting based on the value -* t or behavior of S have become known as "Lindemann criteria." However, the key point is not whether S passes through some critical intermediate value such as 0.1, but rather the fact that in both "low" and "high" temperature regions S changes quite slowly with T, while in some intermediate region it (often) rises quite steeply from values < 0.1 to values 2 0.2 over a relatively narrow temperature interval. In the present work, the temperature associated with the onset of this rapid growth of S is defined as the melting temperature T,,, of the cluster.
The raw results of the present study were obtained by starting a simulated annealing run from each of the ca. 125 converged structures for SF6-(Ar), and SF6-(Kr), reported in Ref. 23, while using the full potential energy surface of Eq. (2). For the lowest-energy monolayer and stacked structure for each cluster size for n =2-21, Table I and The second type of classical mechanical simulation used herein is Monte Carlo calculations. This is basically a numerical stochastic procedure which compiles a canonical In Ref. 23 it was found that the cluster isomers could be classified into two main groups. The first consists of monolayer or maximally solvated structures in which the rare gas atoms form a close-packed layer which fills the first solvation shell as completely as possible, at distances ensemble of configurations from which various properties of the cluster can be calculated. Such properties can include average potential energies and other thermodynamic quantities, or dynamical quantities such as the root-meansquare bond length fluctuation parameter S used herein to characterize the dynamical state of the system. TABLE I. Energies E,, (in meV) of the lowest-energy monolayer and stacked isomers of SF,-(Ar), and SF,-(Kr), calculated using the full potential energy surface of Eq. (2), and their differences from the corresponding energies EzB determined in Ref. 23 using only the additive two-body potentials. ("E,,") and on inclusion of the three-body ATM terms ("E,,,"), for n=8, 10, 12, and 18. typically 4.2-5.0 A from the SF6. The second consists of stacked or nonsolvating structures in which part of the surface of the SF6 remains-uncovered while the adatoms are stacked in a multilayer structure in contact with only part of the substrate molecule; here the distance from the seco?d-layer rare gas atoms to the SF6 is typically ca. 6.2-8.0 A. For selected SF&(Ar), cluster sizes, Fig. 3 shows examples of these two types of isomers; on the scale of the figure, changes due to addition of the three-body ATM terms are not discernable. However, as shown by the results listed below each structure, the changes in energy on inclusion of the ATM terms are nontrivial, and vary sig- nificantly from one isomer to another. Note that while the (shaded) SF, molecule is sometimes concealed by the surrounding Ar atoms, in each diagram the S-F bonds of the SF6 are alligned parallel and perpendicular to the edges of the page. Table I shows that for a given cluster size the stacked structures are usually destabilized more than the lowestenergy monolayer isomer, and that this greater destabilization of the stacked forms grows with the number of atoms in stacked positions. Exceptions to this rule occur for some of the smaller clusters. For example, the pentagonal pyramid ground-state monolayer SF,( Ar ) 6 cap structure is destabilized more than any of the stacked structures found for that cluster size. This exception may have some practical significance, since the special stability of this pentagonal pyramid "cap" is the the basis for some of the unusual dynamical properties found for these systems. '9,20V22,24 Of course, the effect of the triple-dipole terms tends to increase with the number of rare gas atoms in the cluster, since the total number of three-body terms grows more rapidly than the number of two-body pairs. For example, the SF& Ar), ground state is destabilized by 0.9% upon inclusion of the triple-dipole ATM term, while the most stable SF,(Ar),, structure is destabilized by about 4.0%. Figure 4 shows the differences between the stability of the lowest-energy stacked and monolayer structures as functions of cluster size for SF&Ar), (open and closed square points) and SF&G-), (open and closed round points), as determined by potential energy surfaces consisting only of sums of two-body terms (open points joined by dashed lines), and on inclusion of the sums over the three-body ATM terms (solid points joined by solid lines). Points which lie below the ordinate zero correspond to cluster sizes for which the lowest-energy stacked structures ate more stable than the lowest-energy monolayer isomer. This f&u-& demonstrates that.inclusion of the ATM terms tends to destablize stacked isomers relative to the monolayer ones. However, it is clear that none of the qualitative trends is affected. In particular, the conclusion of Ref. 23 that .a! very low temperatures larger clusters of SF,(Ar), will tend to be fully solvated while larger SF& Kr) n clusters will prefer stacked or nonwetting structures, is preserved on addition of the three-body ATM terms.
SF6-(Ar
6. Melting behavior of SF,-(Ar),, clusters .-Preliminary studies of the melting behavior of SF6-(Ar), clusters, as defined by the temperature dependence of the relative root-mean-square bond length fluctuation parameter of Eq. (8)) have been reported in Refs. 19-21. However, they considered only the melting behavior of monolayer isomers for a limited number of cluster sizes. A more comprehensive study which examines the melting behavior of both monolayer and stacked isomers for a wide range of cluster sizes has now been completed.24 However, as in the earlier work, it was based on the use of additive two-body potential energy surfaces. Here we examine the effect on the melting behavior of the lowest-energy stacked and monolayer isomers of SF6-(Ar) 12 (see Fig. 3 ) of including the three-body ATM terms in the full potential energy surface of Eq. (2).
The results presented in this section are based on constant energy molecular dynamics simulations. For monolayer isomers, the initial 'configurations for the lowesttemperature runs were taken from minimum energy structures determined in Ref. 23. The 'starting configurations for each higher temperature run was then taken as the final configuration of the preceding lower-temperature run. Note, however, that the pre-equilibration procedure used to generate results for specified effective temperatures minimizes effects due to memory of the initial configuration.21,22
The selection of starting configurations for some of the higher-temperature stacked structure simulations had to be done slightly differently. If in the course of a simulation the system retained a stacked-type structure, then the final configuration of that run could be used for the next highertemperature simulation. If, on the other hand, a stacked structure collapsed to a monolayer form in the course of a given simulation, subsequent higher-temperature runs were started from a stacked structure associated with the end of one of the other lower temperature runs. The fact that the new run was preYequilibrated at the prescribed temperature before run statistics were collected ensured that the results should not depend unduly on this initial configuration. and closed) correspond to simulations of the monolayer isomer, while round points (open and closed) identify the results of simulations for stacked isomers.
As discussed in Sec. III, we associate melting with the onset of rapid growth on plots of S vs T; while this growth is much more abrupt for the stacked than the monolayer isomers, its onset is quite clearly defined for both. In other studies,24 we have found that the slopes of these curves tend to increase with the length of the simulation run; we thus infer that the more modest initial slopes seen for the monolayer curves reflect the finite length of these runs. Similarly, the "noisy" zig-zag behavior of the plots for the stacked isomers reflects the "quasi-ergodic" nature of some of these simulations; in other words, some runs do not sample the whole portion of phase space accessible at that energy. Thus, the initial sharp jump in a stacked-isomer S vs T plot places an upper bound on the onset of melting, while the low 6 values found in some higher temperature simulations merely indicate that those trajectories remained trapped in the initial stacked-structure catchment region, and did not find their way into the (energetically accessible) melted-monolayer region. Of course, nonergodic behavior can affect any simulation; thus all of the melting temperatures determined here must be treated as upper bounds. Figure 5 shows that the monolayer isomer of SF6-(Ar) i2 melts at lO( f 1) K if the dynamics of the system is governed solely by sums of two-body potentials, but that this transition temperature drops to 6( f 1) K when the three-body ATM terms are included in the potential energy surface. Similarly, the stacked structures melt at 30( f 1) K when governed solely by additive two-body potentials, and at 22 ( * 1) K when the effects of the ATM terms are included. These findings are qualitatively consistent with those of the preceding section, which showed that all structures are destabilized by the triple-dipole terms, with the stacked structures being more destablized than the -monolayer forms. These results are summarized in Table II. C. Melting behavior of homogeneous (Ar),3 and (Kr)13 clusters Many previous studies of the melting behavior of small atomic clusters have been based on the use of pairwise effective Lennard-Jones( 12-6) potentials parameterized to reproduce one or more experimental properties of the bulk system. 27*39-42 Here we compare the melting behavior implied by such effective two-body potentials with that which occurs when the total system potential energy is repre-.sented by a pairwise sum of the best available empirical two-body pair potentials, both with and without inclusion of the three-body ATM terms.
The systems considered here are the perfect icosahedron isomers of (Ar) 13 and (Kr) 13; their structures are essentially equivalent to that for the stacked isomer of SF, (Ar) i2 seen in Fig. 3 with the SF6 molecule (obscured in that diagram) replaced by another Ar or Kr atom. The Rg-Rg pair potentials are again represented by those of Aziz and Slaman, while the relevant ATM coefficients have the values2* given in Sec. III. 6) functions with well depths and equilibrium distances of E= 10.32 meV and 14.13 meV, and R,=3.83. A and 4.30 A, for Ar and Kr, respectively.27'39A2 These values differ significantly from the accepted depths (12.34 and 17.35 meVZ respectively) and equilibrium distances (3.76 and 4.01 A) of the best available pair potentials for Ar, and Kr2.26
The melting curves reported in this section are based on the use of Monte Carlo, rather than molecular dynamics simulations. Some discussion in the literature suggests that the Monte Carlo simulations might tend to give slightly lower cluster melting temperatures than would molecular dynamics calculations.42 However, our focus here is on ascertaining the dz@rences between transition temperatures associated with different potential energy surfaces, and those differences should not be significantly affected by the choice of simulation method. The starting configuration for all of these simulations was the equilibrium icosahedral structure. typical acceptance ratios of 50%. The curves labeled "3-body" and "2-body," respectively, were based on the accurate Rg-Rg pair potentials of Ref. 26, with and without inclusion of the three-body ATM terms, while the curves labeled "LJ( 12,6)" were based on two-body potential calculations using the "effective" Lennard-Jones( 12,6) potentials referred to above. It is immediately evident that the melting temperatures, as defined by the onset of rapid growth in the S values, are distinctly different for these three cases; their values are summarized in Table III . Thus, the commonly used effective two-body potentials for the Ar-Ar and Kr-Kr interactions clearly give rise to dis- tinctly different melting behavior than is implied by ..the combination of the best-available two-body pair potentials with accurate triple-dipole ATM coefficients.
V. DISCUSSION AND CONCLUSIONS
Previous examinations of the effect of the triple-dipole ATM interaction on the preferred structures of homogeneous -clusters modeled by effective pairwise LennardJones( 12,6) potentials had shown that scaling the ATM terms ever larger tended to destabilize close-packed structures m favor first of planar and then of linear isomers.16*'7 The present work, however, has placed its emphasis on determining the actual effect of such terms for real systems described by the best-available estimates of the appropriate pair potentials and three-body ATM coefficients. To this end, we began by determining new values of the isotropic triple-dipole dispersion energy coefficients CAr,Ar,SF6 = -m1467.19 and CKr,Kr,SF 6 = 3047.70 [hartreexbohrg] , which are believed accurate to ca. 2%. These were combined with the best available Rg-Rg and Rg-SF6 pair potentials26'2g in the simulations to determine the structural proclivities and melting behavior of heterogeneous SF,-(Rg), clusters.
With one trivial exception,45 all of the ca. 125 previously reported23 structures for SF6-(Ar), and SF6-( Kr), were destabilized on inclusion of the three-body ATM. terms in the overall potential of Eq. (2)) with the degree of destablization increasing with cluster size. The present study also showed that stacked or nonwetting structures tended to be destablized more than monolayer or maximally solvated structures for the same cluster size. However, all of the qualitative trends and conclusions regarding structural proclivities and patterns of growth determined in Ref. 23 using only sums of two-body potentials remain valid on inclusion of the three-body ATM terms. In particular, fully solvated structures are preferred for the larger SF6-(Ar), clusters and stacked or nonwetting structures preferred for larger clusters of SF6-( Kr) n.
In contrast with the structural results, the melting behavior of the heterogeneous SF6-(Ar)t2 cluster showed dramatic changes on including the ATM terms in the overall potential energy surface. In particular (see Fig. 5 and -Table II), the melting temperature of the lowest energy stacked isomer of SF6-(Ar) t2 decreased from ca. 30 to 22 K while that for the corresponding monolayer species decreased from ca. 10 to 6 K. This result is qualitatively consistent with the destabilization seen in the structural results, but in this case the change in behavior is quite substantial.
The homogeneous icosahedral (Rg) t3 clusters are similar in form to the stacked isomer of SF,(Ar),,, and inclusion of the ATM terms also lowered their melting temperatures. However, this change is distinctly smaller for the homogeneous clusters, since Css,ss,ss < Ca,,s,s,b. Use of the two-body effective LJ( 12,6) potentials clearly gives rise to melting behavior distinctly different from that obtained using the best available additive pair potentials, with .or without inclusion of the three-body terms. Thus, it seems that use of such effective potentials to attempt to compensate for neglect of three-body forces is a questionable procedure, at least with regard to phase transition behavior in clusters.
It is interesting to note too that the (Ar) i3 melting temperatures determined here are distinctly different from some of those reported in the literature.3g'40 Some of this is clearly due to the use of different potentials, and it seems clear that the present best estimate of the "true" melting temperatures for icosahedral clusters of ( Ar) t3 and (Kr) t3 are our values 28( f 1) and 40( f 1) K, respectively, based on the combination of the best available two-body potential with the three-body ATM terms. However, there remain significant discrepancies among the various calculations based on the sum of effective two-body LJ( 12,6) potentials. In particular, when Etters and Kaelberer3' performed Monte Carlo simulations for (Ar) t3 based on essentially the same effective LJ( 12,6) potential used here, they found an abrupt change in the slope of a plot of 6 vs T occurred at 28.75( kO.25) K, some 5 K higher than the melting temperature determined here. However, longer Monte Carlo simulations by Davis et a1.42 showed a S vs T behavior essentially equivalent to that found here [for the effective LJ( 12,6) potential], and those authors concluded that the reason for the apparent discrepancy was the fact that the earlier work was based on much shorter simulation runs which were incompletely equilibrated.
A more puzzling discrepancy is that between the Monte Carlo result generated here and in Ref. 42 using the effective two-body LJ( 12,6) potential for (Ar) r3 ( T,=24 K), and the value T,=33 K obtained by Berry and coworkers40'41 from molecular dynamics simulations using this same potential. It has been suggested that this reflects an inherent difference between the ensembles seen by the Monte Carlo and molecular dynamics simulations.42 We examined this point for heterogeneous clusters by generating melting curves (plots of 6 vs T> for stacked and monolayer isomers of SF6-(Ar) t2 by performing both Monte Carlo and molecular dynamics simulations using the "best" two-body potentials. The Monte Carlo runs involved 6X lo6 moves and the molecular dynamics runs spanned 15 ns (15X lo-' s) of real time. For both isomers, the two methods yielded essentially equivalent melting temperatures, ca. 10 K for the monolayer and 30 K for the stacked form. However, the present molecular dynamics runs were longer than many of those used by Jellinek et al. ,40 so the apparent discrepancy for the homogeneous (Ar)t,-like clusters may simply be a result of incomplete sampling in Ref. 40 . In any case, the main object of the present study is to determine the effect of the three-body term on the melting behavior, and this can readily be ascertained as long as the results being compared are based on simulations using the same method.
Historically, the use of three-body terms in cluster simulations has been avoided, both because of the unavailability of accurate triple-dipole dispersion energy coefficients, and because of the substantial additional computational effort which their use entails. However, the present work clearly shows that such terms cannot be ignored if physitally meaningful predictions are to be obtained regarding cluster melting behavior, and probably other dynamical properties too. Fortunately, the practical calculation of isotropic triple-dipole dispersion energy coefficients is now feasible for a wide range of systems.28P3G34 At the same time, one-must also be cautious regarding the possible importance of anisotropic triple-dipole effects and other many-body terms, 3, 4, 6, and investigations of their effects should be undertaken when reliable knowledge of such interactions can be obtained.
